Although it has long been established that episodic secretion of gonadotropin-releasing hormone (GnRH) from the hypothalamus is required for normal gonadotropin release, the molecular and cellular mechanisms underlying the synchronous release of GnRH are primarily unknown. We used the GT1-7 mouse hypothalamic cell line as a model for GnRH secretion, because these cells release GnRH in a pulsatile pattern similar to that observed in vivo. To explore possible molecular mechanisms governing secretory timing, we investigated the role of the molecular circadian clock in regulation of GnRH secretion. GT1-7 cells express many known core circadian clock genes, and we demonstrate that oscillations of these components can be induced by stimuli such as serum and the adenylyl cyclase activator forskolin, similar to effects observed in fibroblasts. Strikingly, perturbation of circadian clock function in GT1-7 cells by transient expression of the dominant-negative Clock-⌬19 gene disrupts normal ultradian patterns of GnRH secretion, significantly decreasing mean pulse frequency. Additionally, overexpression of the negative limb clock gene mCry1 in GT1-7 cells substantially increases GnRH pulse amplitude without a commensurate change in pulse frequency, demonstrating that an endogenous biological clock is coupled to the mechanism of neurosecretion in these cells and can regulate multiple secretory parameters. Finally, mice harboring a somatic mutation in the Clock gene are subfertile and exhibit a substantial increase in estrous cycle duration as revealed by examination of vaginal cytology. This effect persists in normal light/dark (LD) cycles, suggesting that a suprachiasmatic nucleus-independent endogenous clock in GnRH neurons is required for eliciting normal pulsatile patterns of GnRH secretion.
Introduction
Reproductive function hinges on the episodic secretion of gonadotropin-releasing hormone (GnRH) from hypothalamic nerve terminals to stimulate gonadotropin release from the anterior pituitary. This pulsatile GnRH secretion ultimately regulates critical reproductive processes ranging from gametogenesis to ovulation. Although GnRH perikarya and nerve terminals are positioned within the mediobasal hypothalamus to receive multiple neuronal and humoral signals and can respond to exogenous stimuli by modulating GnRH secretion, it has become apparent that species-specific timing of GnRH pulse release is an intrinsic property of GnRH neurons. Studies using immortalized GT1-1 and GT1-7 cell lines reveal that these homogenous clonal cell populations are capable of recapitulating GnRH pulse release patterns observed in vivo from rodents (Martinez de la Escalera et al., 1992; Wetsel et al., 1992; Weiner and Martinez de la Escalera, 1993) . In more recent work, pulsatile GnRH release was also observed from tissue explants of premigratory GnRH cells collected from embryonic primate olfactory placode (Terasawa et al., 1999) , demonstrating that GnRH neurons do not require the complex array of afferent neuronal connections present in the mature hypothalamus to secrete GnRH in discretely timed pulses. Although the phenomenon of GnRH pulsatility has been well documented, mechanisms mediating coordinated neurosecretion have proven elusive.
Although GnRH pulsatility can be modulated by exogenous signals such as adrenergic (Herbison et al., 1989; Herbison, 1997) , glutamatergic (Brann and Mahesh, 1994) , and GABAergic (Herbison and Dyer, 1991) inputs, an inherent "pulse generator" synchronizes the activity of populations of GnRH neurons to produce a meaningful secretory output. Because this episodic secretion pattern is species-and cell-specific (Wetsel et al., 1992; Terasawa et al., 1999) , a developmentally regulated molecular program is likely responsible for the fundamental machinery of this neuroendocrine pulse generation. In the studies below, we investigated possible molecular mechanisms governing this phenomenon.
Recent discoveries in the field of circadian biology have re-vealed that molecular feedback loops of gene expression responsible for regulating clock function are comprised of complex interactions among multiple transcription factors, including many PAS-basic helix-loop-helix family members such as Period (mPer1, mPer2, mPer3) (Zylka et al., 1998) , Cryptochrome (mCry1 and mCry2) (Kume et al., 1999) , Clock (Gekakis et al., 1998) , Bmal1 (also termed MOP3) (Honma et al., 1998; Bunger et al., 2000) as well as the orphan nuclear receptor REV-ERB␣ (Preitner et al., 2002) , and the casein kinase isoforms I epsilon (CKI⑀) (Lowrey et al., 2000) and delta (CKI␦) (Lee et al., 2001) . Recent studies have demonstrated that functional clocks exist not only in the mammalian central biological clock, the suprachiasmatic nucleus (SCN), but also within many peripheral cell types and cultured cell lines (Balsalobre et al., 1998) in which multiple humoral stimuli are capable of "resetting" molecular clock oscillations. We explored the possibility that expression of intracellular and intercellular components required for ordered GnRH secretion may be orchestrated by a timing mechanism under the control of the molecular clock transcriptional feedback loop. There is considerable evidence that the circadian biological clock is an important modulator of the reproductive axis, particularly in the generation of gonadotropin surges. Previous experiments demonstrated that ablation or lesioning of the SCN prevents induction of preovulatory luteinizing hormone (LH) surges, resulting in estrous acyclicity and infertility (Gray et al., 1978) . In addition, ovariectomized rodents treated with chronically elevated 17␤-estradiol (17␤-E 2 ) exhibit LH surges on consecutive days that are always temporally confined to the late afternoon and early evening , further implicating circadian regulation of ovulation. Thus, many consequent studies concentrated on neuronal connectivity between SCN afferents and GnRH perikarya and have found possible afferent neuromodulators in the form of arginine vasopressin (van der Beek et al., 1997b; Funabashi et al., 2000) and vasoactive intestinal peptide (van der Beek et al., 1993 (van der Beek et al., , 1994 (van der Beek et al., , 1997a , although the necessity of these peptides for intrinsic pulsatile GnRH secretion has yet to be demonstrated.
In support of the aforementioned studies implicating biological clock function in GnRH surge generation, evidence suggests that the circadian clock may be involved in regulating basal GnRH pulse frequency as well. Hamsters harboring the naturally occurring tau mutation, a mutated CKI⑀ unable to fully phosphorylate Per2 (Lowrey et al., 2000) , exhibit accelerated LH pulse frequencies (Loudon et al., 1994) , suggesting that the underlying GnRH pulsatility may be fundamentally altered by this circadian mutation. In addition, recent studies implicate proper molecular clock function as crucial to normal reproductive patency in Drosophila (Beaver et al., 2002) . In the current studies, we provide evidence that not only do functional circadian clocks exist within immortalized GnRH neurons, but also that perturbation of clock function disrupts normal pulse patterns of GnRH secretion as well as estrous cycles in vivo. These results suggest a model in which intrinsic and extrinsic circadian signals could serve to both synchronize and modulate GnRH pulse secretion by influencing endogenous molecular clocks present in these neurons, thus providing tight neuroendocrine control over processes as farranging as pubertal progression and estrous cyclicity.
Materials and Methods
Cell culture. GT1-7 and NIH3T3 cells were cultured in DMEM (Mediatech, Herndon, VA) containing 4.5% glucose, supplemented with 10% fetal calf serum (FCS; Omega Scientific, Tarzana, CA), penicillin (100 U/ml), and streptomycin (0.1 mg/ml; Invitrogen, Carlsbad, CA). Cells were incubated in 5% CO 2 /95% O 2 at 37°C. For RNA isolation and nuclear extract collection, multiple plates depending on length of collection of similar passage (passage 6 -15) and confluency (ϳ90%) were all cultured in the same conditions in parallel.
Serum shock and drug treatments. For serum-shock treatment, multiple plates were switched to DMEM supplemented with 50% adult horse serum or 50% fetal bovine serum (FBS; serum shock) at 0 hr. The media containing 50% serum was removed after 2 hr and replaced with serumfree (SF) DMEM, similar to techniques performed previously by Balsalobre et al. (1998) . For serum-free treatment, other plates were switched at 0 hr to SF DMEM conditions and remained in the same media for the duration of the collection. Other plates of GT1-7 cells were treated with 1.0 M forskolin (FSK; Sigma, St. Louis, MO) in SF DMEM for 15-30 min, followed by replacement with SF DMEM for the duration of the experiment. Other plates were treated for 1 hr with 1.0 M ionomycin (Calbiochem, San Diego, CA), 100 nM phorbol-12-myristate-13-acetate (PMA; Calbiochem), and 100 M sodium nitroprusside (SNP; Sigma) and were then switched to SF DMEM for the duration of the experiment.
RNA isolation. After serum-shock or switch to serum-free media, cells were harvested every 4 hr by removal of media, followed by an ice-cold PBS wash and the addition of Trizol (Invitrogen) at a concentration of 2 ϫ 10 6 cells per milliliter. RNA was isolated from cells as described previously (Chomczynski and Sacchi, 1987) . Briefly, cell lysates suspended in Trizol were treated with chloroform, followed by isopropanol precipitation of RNA pellets, and were resuspended in autoclaved water treated with diethylpyrocarbonate.
Reverse transcriptase-PCR. Total RNA was isolated from confluent plates of GT1-7 cells using Trizol as described above. Tissues (whole brain and pituitary) were homogenized in Trizol. One microgram of total RNA isolated was reverse transcribed using SuperScript II enzyme (Invitrogen). Twenty microliters of reverse transcriptase (RT) mix were amplified using sequence-specific PCR primers for mPer1 [forward (Fwd), 5Ј-TCAGAGCAGGACAACCCATCTACCAGT-3Ј; reverse (Rev) 5Ј-AAGCGGGCACCCCGAAACAC-3Ј], mPer2 (Fwd, 5Ј-CCGACAT-GAATGGATACG-3Ј; Rev, 5Ј-GAGGTAATGCCCTCAACC-3Ј), mPer3 (Fwd, 5Ј-AAAAGGCAGCCAGTAACG-3Ј; Rev, 5Ј-GTTCATCTGCTG-ATAGGACG-3Ј), clock (Fwd, 5Ј-GCGAGAACTTGGCATTGAAGAG-3Ј; Rev, 5Ј-CTGTGTCCACTCATTACACTCTGTTG-3Ј), Bmal1 (Fwd, 5Ј-CCACAGGATAAGAGGGTCAT-3Ј; Rev, 5Ј-ATGATGAGGAAAC-ACTGGAG-3Ј), mCry1 (Fwd, 5Ј-GCGTCTATATCCTCGACC-3Ј; Rev, 5Ј-AAGTGCCTCAGTTTCTCC-3Ј), mCry2 (Fwd, 5Ј-AGAAG-GTGAAGAGGAACAGC-3Ј; Rev, 5Ј-ACAGGAAGGGACAGATGC-3Ј), and CKI⑀ (Fwd, 5Ј-CACTCCAAGAACTTCATCC-3Ј; Rev, 5Ј-CAGTCGAAGACGTAGTCG-3Ј). Reactions without RT served as negative controls.
Western blotting. GT1-7 nuclear extracts were collected every 6 hr for 48 hr. Briefly, cells were rinsed with 1 ϫ PBS and lysed with buffer containing 20 mM Tris-HCl, 140 mM NaCl, 0.5 mM EDTA, protease inhibitors aprotinin, pepstatin, and leupeptin (10 g/ml each), and PMSF (1.0 mM). Nuclei were pelleted by centrifugation and resuspended in a hypertonic buffer solution containing protease inhibitors. Protein concentrations were determined by Bradford Assay (Bio-Rad, Hercules, CA), and 20 g of protein was loaded onto an SDS-polyacrylamide gel. After resolution by electrophoresis, proteins were electrically transferred to an Immobilon-P polyvinylidene difluoride membrane (Millipore, Bedford, MA) and probed with Bmal-or mPer1-specific antibodies (␣ Diagnostics International, San Antonio, TX). Immunoreactive bands were detected using anti-rabbit secondary antibodies (Amersham Pharmacia, Piscataway, NJ) linked to horseradish peroxidase and amplified with ECL reagent (Amersham Pharmacia). Quantification of band intensity was performed using a Molecular Dynamics (Sunnyvale, CA) STORM Imager combined with ImageQuant analysis software for the Macintosh computer (Amersham Biosciences, Arlington Heights, IL).
Plasmids and cloning. PCR fragments of mPer1 (289 bp; 59 -348), mPer2 (238 bp; mCry1 (312 bp; , and mCry2 (225 bp; 62-287) were cloned into pCR2.1-Topo vectors (Invitrogen) and were sequenced to determine proper orientation. Plasmids were linearized with HindIII, and antisense cRNA probes were transcribed using a Maxiscript kit with either T7 or T3 RNA polymerases (Ambion, Austin, TX). mPer1, mPer2, mCry1, and mCry2 expression plasmids were generously provided by Dr. Steven Reppert (University of Massachussetts School of Medicine, Worcester, MA). The mPer1-luciferase plasmid was kindly provided by Dr. Joe Takahashi (Northwestern University and Howard Hughes Medical Institute, Evanston, IL). pGL3, a promoterless luciferase reporter plasmid (Stratagene, La Jolla, CA) was used as a background control for reporter assays. The expression vector for Clock-⌬19 was provided by Dr. Charles Weitz (Harvard University, Boston, MA). The pcDNA3.1 plasmid (Invitrogen) was used as a control for transfections of mPer1, mCry1, and Clock-⌬19. A thymidine kinase-␤-galactosidase (tk-␤-gal) plasmid was used as an internal control in all reporter assays to normalize for transfection efficiency.
Ribonuclease protection assays. Antisense RNA probes for mPer1, mPer2, mCry1, mCry2, and cyclophilin were labeled with ␣-32 P UTP at a high specific activity (3-6 ϫ 10 5 cpm/ng) using a Maxiscript II kit (Ambion) and incubated with 10 -15 g of total RNA from samples collected at 4 hr increments for 60 -72 hr. Samples were hybridized with probes for 12-16 hr at 42-55°C and digested using an RNase A/T1 mixture for 30 min at 37°C [ribonuclease protection assays (RPA) III kit; Ambion]. After enzyme inactivation and precipitation, RNA pellets were resuspended in loading buffer and run on a 5% denaturing polyacrylamide gel for 1 hr. Gels were dried and placed on phosphoimager screens for 12-16 hr (Molecular Dynamics). Images were visualized using a STORM phosphoimager, and band intensity was analyzed using ImageQuant software (Molecular Dynamics; Amersham Biosciences).
Transient transfections. For the mPer1-luciferase expression profiles, 1.5 ϫ 10 5 GT1-7 cells per well were plated onto 24-well plates. Twentyfour hours after plating, cells were transfected with both 0.3 g of mPer1-luciferase reporter plasmid and 0.1 g of tk-␤-gal plasmid as an internal control for transfection efficiency using FuGene 6 lipofection agent (Roche Molecular Biochemicals, Indianapolis, IN). Replicate wells were cotransfected with equimolar amounts of pcDNA3.1, Clock-⌬19, or mCry1 per plate. Twelve to 16 hr after transfection, cells were washed with 1 ϫ PBS and lysed with 0.1 M K-phosphate buffer, pH 7.8, with 0.2% Triton X-100. Parallel plates were assayed every 4 hr for 72 hr after either a serum shock or media switch to serum-free media. Equal volumes of cell lysate were assayed for luciferase activity using a microplate luminometer (MicroLumat Plus; EG&G, Bertholt, Germany) by injecting 10 l of a buffer containing 100 mM Tris-HCl, pH 7.8, 15 mM MgSO 4 , 10 mM ATP, and 65 mM luciferin per well. ␤-gal activity was measured using the Galacto-light assay (Tropix, Bedford, MA) following the instructions of the manufacturer. All values are presented as the ratio of luciferase activity over ␤-gal activity to normalize for transfection efficiency. Transfections were done with four to six replicate wells per experiment, and experiments were repeated at least three times. Cells transfected with pGL3, the control vector of mPer1-luc, exhibited nonoscillating luciferase activity (data not shown).
GT1-7 cell perifusion and fraction collection. To measure highresolution secretion of GnRH from living GT1-7 cells over time, the following perifusion techniques were used. Cells were grown on Cytodex 3 beads (Amersham Pharmacia) for 4 -7 d in DMEM containing 10% FCS on nonadherent Petri dishes (Fisher Scientific, Houston, TX). Media was replaced every 48 hr. Twenty-four hours before loading into perifusion columns, GT1-7 cells were transfected as described above with equimolar amounts of pcDNA3.1, Clock-⌬19, or mCry1. Cells on beads were loaded into perifusion columns (1.0 cc volume) to a height of 0.75 cc. A Krebs-Ringers phosphate buffer solution (KRB), aerated with 95% O 2 /5% CO 2 and kept in a 37°C water bath, was perifused through temperature-controlled columns at a flow rate of 0.1 ml/min. After a 6 -24 hr equilibration period, 0.5 ml fractions were collected every 5 min for 10.5 hr. The length of the equilibration period was varied to stagger collection start times relative to the time of day. In some experiments, 0.1 ml fractions were collected every minute for 10 hr. At the conclusion of each experiment, buffer was replaced with KRB containing high (30 -60 mM) KCl for 0.5-1.0 hr to test for cell viability through observation of depolarization-induced GnRH secretion. Fractions were frozen and stored at Ϫ80°C until radioimmunoassay. In addition, some columns were cotransfected with either CMV-enhanced green fluorescent protein (eGFP) or rat GnRH-eGFP plasmids to determine the robustness of expression after prolonged perifusion. After perifusion, GT1-7 cells on beads were removed from columns and placed in slide chambers for FITC excitation and visualization using confocal microscopy in the University of California, San Diego, Imaging Core facility. Cells on beads from additional columns were used to quantify transfection efficiency. Trypsin (1ϫ) was used to remove transfected cells from beads, which were allowed to settle to the bottom of a conical tube in PBS. Ten microliters were removed from the cell layer and placed on a hemocytometer. Transfection efficiency is shown as a percentage of GFP-positive cells divided by total cell number.
Vaginal cytology assessment in mice. All animal procedures were conducted in full accordance with the policies of the University of California's Animal Care and Use Committee. Clock/clock mutant mice (generously provided by Martha Vitaterna and Joe Takahashi, Northwestern University), clock/ϩ heterozygotes, and wild-type littermates were housed, four to a cage, under either 12 hr LD cycles or constant darkness (DD) cycles and fed lab chow ad libitum. Vaginal cytology was monitored daily for 6 weeks using an infrared camera for visualization in DD. Adult female and male mice were mated in both LD and DD conditions.
Radioimmunoassay. GnRH primary antibody EL-14 was kindly provided by Martha Bosch, Oline Ronnekleiv, and Martin Kelly (University of Oregon Health Sciences Center, Portland, OR). Briefly, 0.1 ml aliquots of each 0.5 ml perifusate sample were incubated for 48 hr with GnRH antibody at 4°C, after which time ϳ10,000 cpm sample of radioiodinated GnRH (Amersham Pharmacia) was added. Forty-eight hours later, after ethanol precipitation of bound fractions, radioactivity was detected by a gamma-counter (Micromedic, Huntsville, AL). Intra-assay and interassay variability was 4.6 and 6.8%, respectively.
Statistical data analysis. The CLUSTER (Veldhuis; University of Virginia, Charlottesville, VA) statistical pulse analysis program was used to identify significant GnRH pulses. For 5 min sampling, pulse peaks were determined as two points per peak flanked by two nadir points with a 5.0% significance cutoff level as determined by up-stroke and downstroke t-statistic values of 2.0, and three points per peak flanked by three nadir points with t-statistic values of 3.0 for 1 min sampling (similar to Johnson, 1986, and Clarke et al., 2002) . PeakFit (SPSS, Chicago, IL) was used after cluster analysis to independently confirm pulse peaks using deconvolution analysis as well as to determine individual and cumulative peak area. Mean frequency of release was determined as the mean number of pulses per hour within the 10 hr collection period. Pulses observed within the one-half hour depolarizing stimulus period were not included in pulse analysis. One-way ANOVA was used to determine significant differences in pulse frequency, amplitude, and cumulative area among untreated, control-transfected, Clock-⌬19-transfected, and mCry1-transfected groups. Mean pulse amplitude variation (MPAV) was calculated by first normalizing mean peak amplitude within each sampling period to 0. Within each treatment group, the mean of the absolute differences of pulse peaks from normalized mean pulse amplitudes represent MPAV.
Results

Circadian clock genes are expressed and oscillate in cultured GT1-7 cells
To confirm the expression of circadian clock genes in the hypothalamic GT1-7 cell line, RT-PCR was performed as described. As shown in Figure 1 , the mouse GnRH-secreting cell line, GT1-7, expresses many characterized mammalian circadian clock genes, including Bmal1, clock, mCry1, mCry2, mPer1, mPer2, mPer3, and CKI⑀. Expression of these genes has been observed in both the SCN and peripheral cell types and suggests that the transcriptional feedback loops that form the basis of the circadian clock may function within this cell line.
To determine whether these gene products are capable of exhibiting cyclic mRNA accumulation rhythms in GT1-7 cells, as observed previously in rat (rat-1) and mouse (NIH3T3) fibroblasts (Balsalobre et al., 1998; Yagita et al., 2001; Hirota et al., 2002) , we performed RPA on total cellular RNA isolated over time. As shown in Figure 2 A, mRNA levels of mPer1 and mPer2 oscillate with ϳ20 -24 hr periodicity in this cell line, as well as in NIH3T3 cells (data not shown), after a shift to SF media conditions, as well as after a 15-30 min exposure to 1.0 M FSK (Fig.  2 B) . Under both conditions, the peaks in expression levels of mPer2 lag slightly (ϳ4 hr) behind mPer1 peak levels, as observed previously in other cell lines (Yagita et al., 2001 ). Serum-shock and FSK stimulation of clock cycling has been characterized previously in rat-1 and NIH3T3 fibroblasts (Balsalobre et al., 2000b; Yagita and Okamura, 2000) , whereas oscillation of clock gene transcripts after a change to SF media has been observed very recently in rat fibroblasts (Hirota et al., 2002) , associated with a transient downregulation of many clock genes followed by lowamplitude cycling. This effect has also been observed in the neuronal SCN2.2 cell line, in which minor perturbations such as a depolarizing concentration of KCl or low (2%) levels of serum are sufficient to initiate gene expression oscillation (Allen and Earnest, 2002) . In addition, mCry1 and mCry2 mRNA expression levels were observed to oscillate in a rhythm similar to that of mPer1 and mPer2 (data not shown), with mCry2 exhibiting considerably damped amplitudes in comparison with mCry1. Plates of GT1-7 cells cultured and harvested in 10% FBS DMEM for the duration of the experiment (no perturbation) demonstrated no significant oscillations in mRNA accumulation (data not shown).
Activation of the cAMP and mitogen-activated protein kinase pathways, in addition to their characterized effects on circadian gene expression (Balsalobre et al., 2000a) , has been shown previously to play a role in the regulation of both GnRH transcription and secretion (Wetsel et al., 1993; Eraly and Mellon, 1995) , and changes in intracellular cAMP levels have been implicated in the generation of the pulse rhythm of GnRH secretion (Vitalis et al., 2000) . Expression of mPer1 (Fig. 2C ), but not mPer2 (data not shown), was transiently stimulated by 15-30 min treatment with 1.0 M FSK and 1 hr treatment with 50% horse serum, 10 M ionomycin, and 0.1 M PMA, phenomena observed previously in rat and mouse fibroblasts (Balsalobre et al., 1998; Yagita et al., 2001) , whereas expression of both mPer1 and mPer2 was transiently repressed by 1 hr exposure to the nitric oxide donor SNP (*p Ͻ 0.01, increase above 0 hr; #p Ͻ 0.05, decrease below 0 hr mRNA band intensity). Transient increases in mPer1 mRNA levels in GT1-7 cells after FSK treatment have been correlated recently with an increase in GnRH secretion in static culture (Olcese et al., 2003). The transcription factor Bmal1 binds with its heterodimeric partner, Clock, to increase transcription of the Cry and Per genes, forming the "positive limb" of the circadian clock feedback loop. We show in Figure 3A that Bmal1 protein levels oscillate with ϳ24 hr rhythm in nuclear extracts of serum-shocked GT1-7 cells, demonstrating that a functional clock appears to exist within this reproductive neuronal cell line, similar to results shown previously in other cell lines (Balsalobre et al., 1998) . Exposure to a high concentration of serum (50%) leads to an increase in Clock:Bmal1 heterodimers binding to mPer1 promoter E-boxes, increasing transcription of the mPer1 gene (Jung et al., 2003) . As shown in Figure 3B , mPer1 protein levels in GT1-7 nuclear extracts also cycle, exhibiting peaks 8 -12 hr out of phase with Bmal1 protein levels.
Circadian clock function is required for normal GnRH secretion patterns
To independently determine both the extent and necessity of clock function in this neuroendocrine cell line, GT1-7 cells were transiently transfected with mPer1-luc (Wilsbacher et al., 2002) , with TK-␤-gal plasmid used as an internal control. Analysis of normalized luciferase/␤-galactosidase ratios indicates that mPer1-luc gene expression oscillates with ϳ20 -24 hr periods in both serum-free (Fig. 4 A) and serum-shocked (Fig. 4 B) conditions. Peaks of mPer1-luciferase expression appear to lag 4 -8 hr behind mPer1 mRNA peaks observed using RPA (Fig. 2) , likely resulting from observed different half-life and degradation rates of luciferase mRNA versus that of mPer1 (Wilsbacher et al., 2002) .
Further suggesting that the molecular clock loop is intact in GT1-7 cells, cotransfection with a plasmid expressing the dominant-negative Clock gene, Clock-⌬19, severely blunted mPer1-luciferase cycling in these cells (Fig. 4) . In contrast, cotransfection with the empty control vector, pcDNA3.1, did not affect reporter oscillations, indicating that specific expression of Clock-⌬19 disrupted cyclical regulation of mPer1 transcription in GT1-7 cells, supporting previously published reports of peripheral cell types (Jung et al., 2003) . In addition, transient overexpression of mCry1, a potent repressor of mPer1 promoter activity, reduced luciferase expression to ϳ20 -50% of control levels, although not entirely eliminating oscillations of mPer1-luc reporter activity (Fig. 4 A) , again demonstrating functionality of circadian clock components in this cell line. A, Protein levels of Bmal1 oscillate in GT1-7 cells after a serum shock. A representative Western blot (top) reveals an ϳ60 kDa band present in GT1-7 nuclear extracts exhibiting peak levels at 24 and 48 hr. The corresponding graph shows mean protein levels at each time point (n ϭ 3). B, Oscillation of mPer1 protein over 48 hr exhibits a peak at 12-18 hr after serum shock, 6 -12 hr out of phase with the Bmal1 protein rhythm (*p Ͻ 0.05; significantly different from nadir as determined by ANOVA). Thus, having established that clock gene products are oscillating in this neuroendocrine cell type in culture, similar to observations in other peripheral cell types, we wished to determine whether this endogenous rhythm is coupled to the ultradian pattern of secretion observed from GnRH neurons. To determine the feasibility of introducing genes into GT1-7 cells while also assaying pulsatile secretion, we asked whether proteins from transiently transfected expression vectors were still expressed after perifusion procedures. GT1-7 cells were transfected with either a rat 5Ј-GnRH-eGFP or the parent CMV-eGFP vector and perifused for 48 hr (Fig. 5A) . Visualization of robust GFP expression in clusters of GT1-7 cells on beads (Fig. 5B) after perifusion indicates that transient gene expression remains high even after 72 hr of combined static incubation and perifusion after transfection. Six columns of GFP-positive cells were counted after perifusion, revealing a transfection efficiency range of ϳ18 -36% for GnRH-eGFP and ϳ25-60% for CMV-eGFP (a stronger promoter). To investigate the effect of Clock-⌬19 expression on pulsatile GnRH secretion, GT1-7 cells cultured on beads in a perifusion system were transiently transfected with Clock-⌬19 16 -24 hr before column loading and fraction collection. After loading into columns, cells were perifused in KRB for 6 -24 hr, followed by either 1 or 5 min sample collection for an additional 10 -12 hr. Significant pulse peaks of GnRH were differentiated from baseline noise using cluster analysis parameters to determine peak and nadir values and significant differences among them (see Materials and Methods).
Strikingly, whereas GnRH secretion profiles of either untransfected (Fig. 6 A) or pcDNA3.1 (control)-transfected (Fig. 6 B) GT1-7 cells exhibited secretory inter-pulse intervals of ϳ25-30 min, similar to previously published accounts (Krsmanovic et al., 1992; Wetsel et al., 1992) , cells transiently expressing Clock-⌬19 demonstrated markedly disrupted patterns of secretion often characterized by large irregular bursts of GnRH release followed by long quiescent periods of minimal secretion (Figs. 6C, 7C) . Because of this altered secretory pattern, mean GnRH pulse frequency was significantly decreased by expression of the dominant-negative Clock, to 1.61 Ϯ 0.10 pulses/hr as compared Figure 5 . GFP fluorescence reveals robust transgene expression in GT1-7 cells grown on beads after 48 hr of perifusion. A, Bright-field micrograph of a cluster of GT1-7 cells on Cytodex beads after 24 hr static incubation in DMEM/10% FCS followed by 48 hr of perifusion with KRB. Clusters of multiple cells are visible, adhering multiple beads together. B, Flourescence imaging reveals robust GFP expression in the same cell cluster 72 hr after transfection and perifusion. Scale bar, 100 m. Ranges of transfection efficiencies for rat GnRH-eGFP and CMV-eGFP are ϳ18 -36 and ϳ25-60%, respectively. with 2.04 Ϯ 0.03 pulses/hr observed in control-transfected cells (Fig. 7 A, B) . As shown in Figure 7D , mean GnRH pulse amplitude, although exhibiting an increased trend in perifused Clock-⌬19-expressing cells (71.2 Ϯ 18.5 pg/ml), was not significantly higher than mean pulse amplitude observed in control-transfected perifused cells (63.8 Ϯ 4.1 pg/ml). Although mean pulse amplitude did not significantly differ between Clock-⌬19-and control-transfected perifused cells, pulse amplitudes were highly variable in Clock-⌬19-transfected cells because of irregular patterns of pulse release demonstrated by the representative profiles shown in Figure  7C . This increased variability in GnRH pulse amplitude is depicted by Figure 7E , where the abscissa represents the mean absolute peak variation from mean peak amplitudes within each sample period. Although some perifusion columns of Clock-⌬19-transfected GT1-7 cells exhibited few detectable pulses, others displayed highamplitude bursts lasting up to 25-30 min, followed by prolonged low-amplitude secretion occasionally near the level of assay detection (Fig. 7C) . These variable pulse profiles could be attributable to differential transfection efficiency of Clock-⌬19 in certain columns, resulting in a more or less disrupted pulse rhythm. Interestingly, monolayer cultures of GT1-7 cells transfected with Clock-⌬19, as well as cells on Cytodex 3 beads kept in static incubation, secreted significantly more GnRH into the media over 24 hr (128.3 Ϯ 1.05 pg/ml) than control-transfected cells (36.0 Ϯ 5.99 pg/ml; data not shown). These results suggest that cell configuration and proximity may also play a role in constructing patterns of GnRH pulse release, such that pools of GnRH available for secretion may increase in dispersed cells transfected with Clock-⌬19. These data further demonstrate that a relatively disorganized pulse pattern does not preclude GnRH secretion altogether but rather affects only the mode of release. Interestingly, time of day relative to collection start time had no effect on GnRH pulse profiles of either untreated or transfected GT1-7 cells (data not shown). However, GnRH secretion could not be detected until at least 3-5 hr after column loading, demonstrating that the initiation of pulsatile GnRH release after exposure to perifused KRB is not immediate.
To determine whether manipulation of another circadian clock gene could also affect GnRH secretion patterns, GT1-7 cells on beads were transfected with a vector expressing mCry1 under the control of the CMV promoter. As observed in Figure 4 , this has the effect of diminishing baseline mPer1 promoter activity, demonstrating that Cry1 maintains a similar functional role in the core molecular clock loop in GT1-7 cells to that observed in the SCN. Strikingly, as demonstrated in Figure 8 , GT1-7 cells overexpressing mCry1 exhibit significantly (*p Ͻ 0.01) higher mean pulse amplitudes (77.6 Ϯ 3.6 pg/ml) in comparison with cells transfected with the control vector (33.5 Ϯ 3.1 pg/ml), without an appreciable difference in mean pulse frequency. Because mCry1 levels oscillate in a circadian manner in many tissues in vivo, these results suggest that normal circadian increases in mCry1 protein in GnRH neurons could potentially stimulate cellular neurosecretory mechanisms, possibly linking circadian clock cycling to GnRH surge secretion.
Clock gene regulation of reproductive function in vivo
Mice harboring a mutation in the Clock gene (clock/clock mice) exhibit dramatic defects in circadian locomotor rhythms in freerunning DD conditions but are able to entrain to a standard LD cycle. These mice also show blunted expression rhythms of many molecular clock components, including Per, Cry, and Bmal1 (Kume et al., 1999) . Interestingly, homozygotes also demonstrate smaller litter size and lower frequency of successful matings (Table 1). To determine whether reproductive status is fundamentally altered in these animals, we examined daily vaginal cytology from female clock/clock mice, as well as from their heterozygous (clock/ϩ) and wild-type (ϩ/ϩ) littermates (Fig. 9 ) ranging in age from 2 to 5 months. Interestingly, whereas wild-type mice demonstrated typical 4 to 5 d estrous cycles, clock/clock mice exhibited prolonged estrous cycles averaging ϳ8 d, with a characteristic predominance in the estrus phase. This effect persisted in mice exposed to either LD or DD (data not shown) conditions and occurred irrespective of age. These data indicate that whereas locomotor rhythmicity is uncompromised in clock/clock mice in Figure 8 . Overexpression of mCry1 in GT1-7 cells results in a significant increase in mean GnRH pulse amplitude. A, Representative GnRH pulse profiles of perifused GT1-7 cells transiently tranfected with a pcDNA3.1 (top) or a Cry1 expression vector (bottom). B, Mean pulse amplitude of Cry1-transfected GT1-7 cells is significantly (*p Ͻ 0.01; n ϭ 6) greater than that of control (pcDNA3.1)-transfected cells (left), whereas pulse frequency is not different between Cry1-transfected or pcDNA-transfected cells (right). Gray bars indicate depolarization. 
Wild-type and mutant littermates, 2-4 months of age, were bred in 12 hr LD cycles. Breeding success rate among genotypic pairings is shown at the far right, indicating the percentage of females bred that gave birth to litters of live pups. Also included in this measure were females carrying pregnancies to term without entering labor, as confirmed postmortem. When possible, females of each genotype were paired with differing representative males from each genotype, such that success rates are indicative of multiple attempts. WT, Wild-type mice. LD, reproductive function is diminished even in the presence of an entraining light cycle. Although it is likely that a somatic clock mutation may affect multiple sites within the hypothalamicpituitary-gonadal axis, the above results suggest the possibility that the circadian oscillator may normally be responsible for facilitating transitions between estrous cycle phases, providing an intrinsic signal for the rapid modulation of ultradian GnRH secretion during the infradian oscillations of gonadal hormone secretion in females. In sum, the results of the above studies demonstrate that circadian clock function is linked to the secretory machinery governing timed GnRH pulse release from GT1-7 cells in culture, a link that appears to be preserved in vivo.
Discussion
Recent studies indicate that almost all cells contain molecular clocks that can be synchronized to master clocks residing in the SCN, such that circadian signals can be effectively distributed to multiple tissues (Balsalobre, 2002 ). Our results demonstrate that GnRH neurons are no exception in this regard, and that circadian clock genes and protein products oscillate in cultured GT1-7 cells after exposure to various stimuli, suggesting a functionality that may impact reproductive rhythms. In addition, our data show that the molecular clock may be coupled to the fundamental mechanism of pulsatile GnRH secretion, because perturbation of normal clock oscillation by transfection of Clock-⌬19 disrupts pulsatile patterns of GnRH secretion. Because Clock-⌬19 binds in a heterodimeric manner to Bmal1 and will also bind DNA but not activate mPer and mCry transcription (Gekakis et al., 1998; Jung et al., 2003) , transient overexpression of this dominant-negative protein decreases transcription of Per and Cry, resulting in a subsequent blunting of clock gene oscillations. Results from the above experiments suggest that cycling levels of Per and Cry in GnRH neurons are required for normally observed patterns of GnRH release. Prevention of these oscillations by expression of Clock-⌬19 leads to an apparent disorganization of GnRH secretion, dramatically slowing pulse frequency and increasing pulse amplitude variability. It is of considerable interest that GnRH pulse patterns were disrupted, although only a percentage of GT1-7 cells expressed Clock-⌬19, suggesting that synchronous secretion of GnRH relies on homogeneity of gene expression within these neurons. The pattern of circadian gene expression in GnRH neurons in vivo has not yet been explored; thus, it remains unknown whether stimuli sufficient to reset the clock in these cells is also responsible for maintenance of secretory pulsatility. In fibroblasts and neuronal cell lines, including the GT1-7 cells, a media change is enough to elicit gene expression cycling, suggesting that shifting cultured GT1-7 cells into KRB perifusion buffer may act to not only reset the clock but also to synchronize pulsatile GnRH secretion.
Interestingly, augmentation of the "negative limb" of the clock (i.e., overexpression of mCry1) significantly increases GnRH pulse amplitude, suggesting that multiple secretory mechanisms may be influenced by intrinsic clock function. The observed increase in GnRH pulse amplitude suggests that the Cry proteins, in addition to their characterized role in the core clock loop, may also interact as promoters of genes required for modulation of neurosecretion. Consistent with this observation, the disruptive effect of Clock-⌬19 may act by inhibiting transcription of Cry. Increases in GnRH pulse amplitude resulting from overexpression of mCry1 suggest that this central clock component is linked to the GnRH secretory machinery in a way that selectively amplifies secreted GnRH. Cry1 and Cry2 are potent inhibitors of Clock/Bmal1-mediated transactivation (Kume et al., 1999) , implying that a constituitive inhibition on GnRH release mediated by the positive limb of the clock may exist. These data also raise the interesting possibility that basal GnRH secretion may be relatively dynamic in vivo, rising slightly in the afternoon or evening in conjunction with peak Cry1 protein levels, consistent with the observation of diurnal changes in LH secretion in vivo (Sisk et al., 2001) . The presence of an intrinsic circadian clock within GnRH neurons could thus provide insight into mechanisms mediating the observed circadian window of the LH and precedent GnRH surges. However, at what level the circadian clock exerts control over the secretory process remains unclear, and it is indeed possible that the clock may modulate multiple regulatory pathways at the level of GnRH transcription or by mediating neurosecretion at the cell membrane.
Circadian clock proteins have been shown to regulate transcription of other cycling genes often referred to as "clockcontrolled genes" in a circadian manner (Jin et al., 1999) . Previous studies demonstrate that Clock/Bmal1 heterodimers bind to E-box motifs on proximal promoter sites of target genes to activate transcription (Gekakis et al., 1998; Jung et al., 2003) . Increases in transcription are subsequently inhibited by "negative limb" clock components such as the Period and Cryptochrome proteins that complex with Clock/Bmal1 to prevent transcriptional stimulation. The rat and mouse GnRH proximal promoter regions contain a few consensus E-boxes (CANNTG) but no canonical sites (CACGTGA) found in the promoters of many cycling genes (Panda et al., 2002) . In vivo studies in both male and female rats have shown that levels of GnRH mRNA, but not primary transcript, exhibit circadian oscillations (Gore, 1998) , suggesting a possible post-transcriptional regulation of GnRH content by the circadian clock. Future studies in GT1-7 cells should provide insight into whether this observed in vivo rhythm may be mediated by an endogenous circadian oscillator within GnRH neurons.
Alternately, perturbations of clock cycling could affect multiple regulatory pathways affecting secretion, such that GnRH transcription may not be directly influenced. Microarray studies performed on mRNA from clock/clock mutant mice demonstrate that, whereas most cycling gene expression patterns are disrupted in these animals, many noncycling genes are also either dramatically upregulated or downregulated by this mutation (Panda et al., 2002) . Thus, expression of the dominant-negative Clock gene may alter GnRH secretion patterns via changes in membrane protein levels or at the level of GnRH transcription or posttranscriptional processing in addition to alterations of the core clock mechanism.
In support of this, GnRH secretion patterns, although undoubtedly influenced by the availability of processed decapeptide, are not likely mediated by transcriptional changes alone. A recent study of perifused GT1-1 cells treated with transcriptional and translational inhibitors suggests that rapid transcriptional and translational cycles do not underlie GnRH pulsatility . However, perifusion after inhibitor treatment by necessity only lasted for 2 hr; thus it remains unknown in this context whether long-term inhibition of the circadian clock transcriptional loop by blockade of protein synthesis would ultimately be reflected in GnRH pulse release. The current study used perifusion periods of up to 24 hr and collection periods of 10 hr, with clock gene overexpression revealing striking differences in GnRH pulse parameters.
Many studies have focused on the unique electrophysiological properties of GnRH neurons that may be required to elicit synchronized release patterns. Recent work investigating activity rhythms of GnRH neurons in slice preparations revealed a complex pattern of rapid conductance oscillations specific to GnRH neurons (Nunemaker et al., , 2003 , suggesting that these particular membrane properties may govern episodic release patterns. In a recent study, the same experimenters observed multiple activity rhythms in GnRH neurons spanning milliseconds to minutes and demonstrated that only certain rhythmic parameters may be affected by exogenous signals (Nunemaker et al., 2003) . Thus, there may exist convergent neurosecretory mechanisms that are coupled at various cellular context-dependent strengths to circadian, infradian, and ultradian generators within the same neuron or population of neurons, such that disruption of one of these could lead to arrhythmicity in multiple time domains.
Neuronal firing patterns also play important roles in generating synchronized output rhythms in the SCN. Recent studies in Drosophila demonstrated that functioning ion channels are required for oscillation of the molecular circadian clock (Nitabach et al., 2002) , suggesting a fundamental interaction between membrane electrical activity and clock oscillation. GnRH neuronal activity and secretion are also intimately linked, because rapid voltage-sensitive Ca 2ϩ oscillations and K ϩ -mediated action potentials are required for normal pulse release patterns (Charles and Hales, 1995; Charles, 1999, 2001) . Primary neuronal SCN cultures from wild-type mice, grown on micromultielectrode plates, reveal distinct circadian activity patterns, whereas SCN neurons from clock/clock mice exhibit arrhythmic firing patterns, suggesting that the transcriptional clock is linked to control of neuronal membrane potential (Herzog et al., 1998) . We recreated this mutation effect specifically in GT1-7 cells in culture via Clock-⌬19 overexpression, raising the possibility that GnRH secretory machinery may similarly be affected by this dominant-negative Clock protein, such that a normal complement of membrane channels, or modification thereof, is absent, thereby perturbing typical release patterns.
The influence of the circadian clock on the reproductive axis can also be observed in mutant mice. Estrous cycle analysis of clock/clock mutant mice provides insight into their subfertile condition. The presence of persistent estrus smears lasting up to four times longer than typically observed suggests that these animals do not immediately resume cycling after ovulation. The somatic Clock gene mutation likely affects multiple points within the reproductive axis, including a possible disruption of GnRH secretion. Previous rodent work demonstrated that LH secretion, clearly pulsatile in metestrus and diestrus and surging on proestrus, becomes quiescent on estrus, only to resume pulsatile release again on diestrus (Fox and Smith, 1985) . Observation of clock/clock mice, in conjunction with the above results from GT1-7 cells, suggests that a functional circadian clock may be required for the resumption of synchronous GnRH secretion after the GnRH surge. Whether this could result from a lack of synchronized activity in the SCN (thus perturbing subsequent output from) or in GnRH neurons themselves is unclear and will require additional studies to determine the extent of the reproductive deficiency of these mice. A previous study revealed a significant decrease in both arginine vasopressin and vasoactive intestinal peptide within the SCN of clock/clock mice throughout postnatal development (Herzog et al., 2000) . Whether this decrement alters GnRH expression or secretion in vivo is currently unknown. It is of interest that, in contrast to locomotor activity, reproductive abnormalities in clock/clock mutant mice persist in both LD and DD conditions, indicating that endogenous circadian clock disruption in GnRH neurons themselves may produce this observed reproductive deficiency.
Although it remains unclear what effect resetting of the circadian clock may have on fibroblasts, the GT1-7 cell line provides a neuroendocrine model that produces a distinctly timed output, a secretory pattern that can be modulated by both neuronal and hormonal signals. Indeed, activity of GnRH neuronal perikarya, not confined to discrete nuclei, may be modulated in a synchronous manner by humoral signals. A recent study using SCN2.2 cells, an immortalized line derived from rat SCN, demonstrates that circadian rhythms of gene expression and glucose utilization in NIH3T3 fibroblasts can be driven by the SCN 2.2 cells in the absence of synaptic contacts (Allen et al., 2001 ). These results demonstrate that an uncharacterized humoral factor secreted by the SCN can synchronize other cell types in a paracrine manner. Also, hormonal stimuli shown to modulate the reproductive axis such as retinoic acid (Cho et al., 1998) and glucocorticoids (DeFranco et al., 1994) are also capable of exerting effects on the phase and amplitude of the circadian clock (Balsalobre et al., 2000a; McNamara et al., 2001) . In contrast to fibroblast lines, GT1 cell lines provide a valuable model in which a rhythmic neurosecretory output, albeit ultradian, can be measured after molecular alterations of a circadian transcriptional loop.
In sum, the results of the current study demonstrate that an endogenous circadian clock plays a role in regulating parameters of GnRH pulsatility. Although future studies are required to determine the extent and mode of this regulation, these data provide insight into the fundamental mechanisms underlying GnRH pulsatility, as well as presenting a direct influence of the circadian clock on primary neuronal components of the reproductive axis.
